The reverse water-gas shift (RWGS) reaction was investigated on Fe/γ-Al 2 O 3 and Fe-K/γ-Al 2 O 3 catalysts at temperatures between 723 K and 753 K and atmospheric pressure. Both materials exhibited fast catalytic CO formation rates and high CO selectivity (>99%). Reaction rates displayed a strong dependence on H 2 partial pressure (reaction orders of 0.58 and 0.54 on Fe/γ-Al 2 O 3 and Fe-K/γ-Al 2 O 3 , respectively), and a weak dependence on CO 2 partial pressure (reaction orders of 0.37 and 0.21, respectively) under nearly equimolar CO 2 : H 2 composition. The catalysts were stable under excess H 2 but deactivated slowly (1-2% h −1 of the overall reaction rate) under an equimolar mixture of CO 2 and H 2 . Addition of potassium to the Fe/γ-Al 2 O 3 material (Fe/K mass ratio = 1.24) led to a threefold increase in reaction rate, but also doubled the deactivation rate (CO 2 : H 2 = 1 : 1). Gas-switching experiments (CO 2 or H 2 only) and DRIFTS spectra collected in situ showed that stable intermediates formed on Fe-K/Al 2 O 3 but not on Fe/Al 2 O 3 . This suggests, although does not prove, that a redox mechanism is the only reaction pathway on the Fe/Al 2 O 3 catalyst, and is the predominant pathway on the Fe-K/Al 2 O 3 catalyst. The potassium promoter activates a secondary pathway for CO formation, which may be the so-called associative pathway.
Introduction
The reverse-water gas shift (RWGS) reaction (eqn (1) ) is the reaction of carbon dioxide (CO 2 ) and hydrogen (H 2 ) to form carbon monoxide (CO) and water (H 2 O). The reaction is endothermic (ΔH°2 98 = 41.2 kJ mol −1 ) and the chemical equilibrium favors CO and H 2 O as the temperature increases. The watergas shift (WGS) reaction should be mechanistically related to the RWGS reaction through the principle of microscopic reversibility, and has been investigated in great detail on many catalysts. With the growing importance of limiting anthropogenic CO 2 emissions, the RWGS reaction presents a straightforward alternative for the reduction of CO 2 to CO if an economically viable and carbon-neutral source of H 2 can be developed.
The WGS reaction is carried out on an industrial scale in two reactors connected in series; the first reactor is operated at "high temperature" (623-723 K) and uses Fe x O y -based catalysts with various promoters (Pt, Cu, Ag, Ba, K, Cr, etc.) and supports (Cr 2 O 3 , CeO 2 -ZrO 2 , MnO). 1 Magnetite is believed to be the active phase of iron under high temperature WGS conditions, and, when promoted with chromium, is the customary industrial catalyst for the high-temperature WGS reaction. 2 Chromium is a structural promoter that helps prevent the iron from sintering. 3, 4 The second WGS reactor is operated at "low temperature" (453-523 K) and uses Cu-Zn/ Al 2 O 3 as the catalyst. 5 In addition to WGS, supported iron is known to catalyze the RWGS reaction 6 and a number of other industrially important reactions, including: i) Fischer-Tropsch synthesis, 7 ii) ammonia synthesis, 8 iii) ethylbenzene dehydrogenation to styrene, 9 and iv) selective catalytic reduction of nitrogen oxides (NO x ) with ethanol (EtOH-SCR). 10 The RWGS and WGS reactions are often carried out in conjunction with FischerTropsch synthesis on iron catalysts, 11 in which case iron carbide is believed to be the active phase for hydrocarbon production, 12 and iron oxide is the active phase for WGS and RWGS. 1 Promoters are often used with iron catalysts to enhance Fischer-Tropsch or RWGS rates and tune the selectivity to the desired products. [13] [14] [15] [16] [17] One known effect of potassium on iron is an increased CO 2 adsorption capacity. 12 Alkali metals are considered electronic promoters, as they can facilitate electron transfer and enhance electrostatic interactions with reacting molecules.
Two key issues remain unresolved in regard to the WGS and RWGS reaction mechanismĲs): i) distinction between the 'redox' and 'associative' mechanisms, and ii) determination of the structure of the carbon-containing intermediate in the associative mechanism. The redox and associative models were proposed in 1920 by Armstrong and Hilditch, 22 and provided the basis for many subsequent investigations with different catalysts. 9, [23] [24] [25] [26] Temkin and coworkers proposed that the redox mechanism is active for the WGS reaction on iron catalysts promoted with chromium. [27] [28] [29] In this mechanism, the catalyst is first reduced by adsorbed H 2 (or CO in WGS), and is subsequently oxidized by CO 2 (or H 2 O in WGS) to complete the redox cycle. A distinguishing feature of the redox mechanism is that the products can be generated in the absence of either reactant (as in a reactant switching-type experiment). The associative mechanism is a Langmuir-Hinshelwood (LMHW) type mechanism, and was suggested by Oki and coworkers to be the dominant mechanism for the WGS reaction on iron oxide catalysts. 30, 31 In this mechanism, both reactants must be adsorbed on the catalyst surface at the same time to create products. A number of carboncontaining intermediates have been proposed for the associative mechanisms, the most frequently suggested being a formate species. 32 Other suggested intermediates include carbonate, 33 carbonyl, 34 and carboxyl 35 species.
In this report it is shown that iron supported on alumina (Fe/Al 2 O 3 ) is a highly selective catalyst for the RWGS reaction at temperatures between 723 K and 753 K. It is also shown that the specific rate (per gram of material) is enhanced by addition of potassium. While it is not possible to establish the precise role(s) of potassium on a molecular level, it is shown that addition of potassium i) enhances reaction rates, ii) leads to the formation of stable carbon-containing surface species, and iii) changes the catalyst behavior during H 2 /CO 2 gas switching experiments. It is suggested that the simple redox and associative mechanisms are insufficient to explain the observations from the gas-switching experiments, and a more complex reaction model is proposed.
Experimental

Materials
Fe/Al 2 O 3 and Fe-K/Al 2 O 3 were prepared using the wetness impregnation method. Gamma alumina (γ-Al 2 O 3 , Alfa Aesar, 99.97%) was added to an aqueous solution of 0.1 M iron nitrate (FeĲNO 3 ) 3 ·9H 2 O, Aldrich, 99.99%), with or without potassium carbonate (K 2 CO 3 , Sigma Aldrich, ≥99.0%), and the mixture was stirred with a magnetic stir bar at room temperature for 1 h. The quantities of metal precursor and γ-Al 2 O 3 added to each solution are given in Table S1 ; † the final elemental composition of the samples was determined by ICP-OES (Galbraith Laboratories, TN). The suspension was then heated to 353 K to evaporate water, and the resulting slurry was dried in a static oven at a temperature of 383 K for 24 h in air. The dried samples were subsequently calcined in a Thermolyne furnace in air by heating at a rate of 300 K h 
Analytical
X-Ray Diffraction (XRD) patterns of catalyst powders were collected at room temperature on a Philips X'pert diffractometer using Cu Kα radiation (λ = 1.5418 Å). Measurements were taken over the range of 5°< 2θ < 80°with a step size of 0.02°and a count time of 2 s at each step. Physisorption of N 2 was performed using a Micromeritics 3Flex instrument at a temperature of 77 K. The Brunauer-Emmett-Teller (BET) surface areas were calculated from data points at relative pressures (p/p 0 ) between 0.05 and 0.25. Before adsorption, samples were degassed under vacuum (P < 150 mTorr) for 8 h at a temperature of 573 K. An Auriga 60 high resolution focused ion beam and scanning electron microscope (SEM) was used to collect SEM micrographs and energy-dispersive X-ray (EDX) spectra to provide information regarding sample morphology and elemental composition, respectively. The microscope was operated at an accelerating voltage of 3-10 kV and a current of 10 μA.
Flow apparatus used for kinetics and gas-switching experiments
Reaction rate and selectivity were evaluated using a packedbed microreactor operated in down-flow mode. Gas flows through the reactor were controlled by mass flow controllers (Brooks Instrument). Catalyst powders were pressed and sieved to obtain particle sizes within the range of 250-425 μm; the catalyst particles were supported on a quartz wool plug within a quartz tube reactor (7 mm I.D.). The quartz tube was placed inside a ceramic radiant full cylinder heater (Omega, CRFC-26/120-A), and the reaction temperature was controlled by an Omega CN/74000 temperature controller using the input from a thermocouple (Omega, K-type, 1/16 in diameter) placed around the outside of the quartz tube at the middle of the catalyst bed. Gas transfer lines for the effluent stream were heated to a temperature above 373 K and vented to atmospheric pressure. The composition of the effluent stream was analyzed online either by a gas chromatograph (GC, Agilent, 7890A) during continuous flow experiments or a mass spectrometer (MS, Pfeiffer, GSD320) during gas switching experiments. The GC was equipped with both a thermal conductivity detector (TCD) and a flame-ionization detector (FID). The TCD was used to quantify CO 2 , CO, and H 2 concentrations, and the FID was used to quantify hydrocarbon concentrations. A Hayesep Q column (Agilent, 2 mm ID × 12 ft) was used in the GC to separate products quantified with the TCD, and a HP-Plot Q column (Agilent, 0.32 mm ID × 30 m) was used to separate products quantified with the FID.
Measurement of product formation rates
Catalyst samples were pretreated before all experiments in the microreactor by increasing the reactor temperature at a rate of 5 K min −1 to 773 K in a gas flow containing 10 kPa H 2 . After being held at 773 K for 2 h, the temperature was lowered to the initial reaction temperature. The total flow rate under all conditions, including pretreatment, was 75 sccm. Helium was used as the balance gas.
Rates of CO formation were calculated assuming differential reactor operation according to eqn (2):
In eqn (2), V is the total volumetric flow rate (L h −1 ), ΔC CO is the change in CO concentration (mmol L −1 ), and m cat. is the catalyst mass (g). Measured reaction rates are the net rate of the forward and reverse reactions; therefore, the observed rate must be transformed into the reaction rate for the forward reaction by using eqn (3)-(5). The equilibrium constant (K C ) is low (<1) for the RWGS at the temperatures investigated, although the reverse reaction had a negligible contribution to the observed rates because of the low conversion (<10%) under conditions at which the reactor was operated. Note that C o (eqn (5)) represents the standard state (1 mol L −1 ) and equals 1 since the reaction is equimolar.
Experiments were designed to i) determine reaction rates in excess (i.e. non-equimolar) CO 2 or H 2 , and ii) determine kinetic parameters. In the first case, CO 2 2 and H 2 , the reaction was first performed for 15-16 h at a temperature of 753 K with reactant partial pressures of 15 kPa. The temperature was then lowered in 10 K increments to 723 K, with 5-6 GC injections (a period of about 60 min) taken at each temperature. After the period at 723 K, the CO 2 partial pressure was reduced to 10 kPa and increased in 2.5 kPa increments to a final partial pressure of 20 kPa. Finally, the CO 2 partial pressure was returned to 15 kPa and the H 2 partial pressure was lowered to 10 kPa and increased in 2.5 kPa increments. The basic outline of the experiments conducted with excess H 2 was the same as that used for near equimolar reactant concentrations. Reactant partial pressures during the initial period were 90 kPa H 2 and 10 kPa CO 2 . During the variable CO 2 partial pressure period, the H 2 partial pressure was maintained at 85 kPa and the CO 2 partial pressure was varied between 5 kPa and 12.5 kPa in 2.5 kPa increments. To investigate the effect of H 2 partial pressure, the CO 2 partial pressure was kept at 10 kPa and the H 2 partial pressure was varied between 70-90 kPa in 5 kPa increments. At the end of the experiments, and several times throughout, reaction parameters were returned to a condition that had already been tested to determine if deactivation had occurred.
The kinetic isotope effect (KIE) of H 2 /D 2 was investigated on 4.5% Fe/Al 2 O 3 (42 mg) and 4.2% Fe-3.4% K/Al 2 O 3 (24 mg). After pretreatment, the reaction began at a temperature of 753 K with CO 2 and H 2 partial pressures of 15 kPa. After 16 h, the temperature was lowered to 723 K and, after 1.5 h, H 2 in the feed was replaced by D 2 .
2.5 Measurement of reaction rates with intermittent CO 2 and H 2 flows CO formation rates were measured while alternating between CO 2 and H 2 gas flows. Catalysts were pretreated as described in section 2.4, with a minor difference being that the gas flow rates were 36 sccm He and 4 sccm H 2 . After pretreatment, the H 2 flow was stopped and was replaced by 4 sccm of CO 2 . After 20 min, CO 2 in the gas stream was replaced by H 2 . This sequence was repeated three times. The reactor was then purged with He for 20 min before CO 2 was readmitted to the gas stream. After 20 min, the reactor was again purged with He before H 2 was readmitted to the gas stream. All sequences with a given gas composition lasted for 20 min, and the temperature of the reactor was held at 773 K throughout the duration of the gas switching portion of the experiment. All gas switches were performed by simultaneously turning off the mass flow controller of the reactant gas flowing into the reactor and turning on the mass flow controller of the other reactant. The hydrodynamic behavior of the gas flow during the transient experiments was analysed in a separate experiment by switching the flow from 10% H 2 /He to 10% CO 2 /1% Ar/He. The response time of the inert Ar (m/z = 40) relative to those of the products formed during the reaction was monitored to ensure that no artifacts were present. Additional gas-switching experiments involving purge times of varying length with an inert gas (Ar) were carried out on Fe/Al 2 O 3 at 753 K. Following a reduction of the catalyst in 10 kPa H 2 for 2 h at 773 K, 15 kPa CO 2 was admitted to the reactor. After 20 min, CO 2 was replaced by 15 kPa H 2 for 20 min. Then, the reactor was purged with Ar for 5 min. This sequence (CO 2 → H 2 → Ar) was repeated several times, but each time the length of the inert purge was increased by 5 min. After the inert purge reached 20 min, the cycle was repeated a final time with a 5 min inert purge to monitor any effects from catalyst deactivation.
Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) measurements
Infrared (IR) spectra were collected with a Nicolet Nexus 470 spectrometer equipped with a mercury cadmium telluride (MCT) detector. A Praying Mantis accessory (Harrick Scientific) was used in conjunction with a HVC-VUV environmental chamber (Harrick Scientific) to collect diffuse reflectance spectra. Catalyst powders were held in the chamber on top of a wire mesh screen, and gases were delivered to the chamber by mass flow controllers. Potassium bromide was heated in the chamber to a temperature of 723 K under He flow and used to collect the background spectrum. Potassium bromide was also used to dilute catalyst samples in a mass ratio of 8 : 1. Catalysts were pretreated by heating from room temperature to 773 K at a rate of 5 K min −1 and holding at that temperature for 2 h in a flow of 30 sccm He and 10 sccm H 2 . The temperature of the chamber was then lowered to 723 K and the reactant gas in the feed was switched between H 2 and CO 2 two times, in 30 min intervals, for a total of two periods in CO 2 flow. After the final period in CO 2 flow, the chamber was purged with He. The IR spectra presented are the average of 128 scans collected with a resolution of 2 cm −1 .
X-ray absorption near-edge structure (XANES) spectroscopy
XANES spectra were collected at the National Synchrotron Light Source (NSLS) at Brookhaven National Laboratory on beamline X18A. Spectra of iron standards with known oxidation states (hematite and metallic iron) were collected after placing the materials on Kapton tape. In situ experiments were performed using the apparatus previously described by Paredis et al. 36 About 15 mg of catalyst was used in all experiments.
In situ experiments were performed after an initial reduction. During reaction, gas flows consisted of either i) an equimolar mixture of CO 2 and H 2 , or ii) alternating flows of CO 2 and H 2 . For continuous flow experiments, the temperature was increased from room temperature to 823 K under a gas flow consisting of 5 sccm H 2 and 5 sccm He. After a period of time in which the iron was almost completely reduced to Fe 2+ (see below), He in the feed was replaced by CO 2 . For experiments in which the flow was alternated between CO 2 and H 2 , the temperature was increased to 773 K under a gas flow of 2 sccm H 2 and 8 sccm He and held at that temperature until the iron was almost completely reduced to Fe 2+ . Then, the catalyst was purged for 15 min with He, and 2 sccm of CO 2 was added to the feed. The reactor was then purged with He for another 15 min before 2 sccm of H 2 was added to the feed. XANES data were analysed using the Athena extension of IFEFFIT software. All spectra were normalized by adjusting the pre-and post-edge line parameters in Athena so the regression lines passed through the middle of the data in their respective regions. determined from the standard materials to be 7111.9 eV and 7123.5 eV, respectively. These values correspond to the energies with the maximum first derivatives, and provide a linear relation that relates the oxidation state of iron to the edge energy. Then, the edge energies of spectra collected during the in situ measurements were determined and fit to the linear relation to quantify the amounts of Fe 2+ and Fe 3+ present in the samples. Table 1 summarizes the elemental compositions and surface areas of the catalyst samples. Iron loadings were between 0.9 and 9.1%, and were within 10% of their nominal values (see Table S1 †). The surface areas of all supported iron samples were 60-80 m 2 g −1 , with most samples having a surface area slightly below that of γ-Al 2 O 3 (a representative adsorption isotherm is shown in Fig. S1 †) . In general, increased potassium loading led to a reduction in surface area by 10-20%. Powder XRD patterns (see Fig. S2 †) showed no reflections indicating the presence of bulk iron or iron oxides in the samples. Elemental mapping images (see Fig. S3 and S4 †) revealed a uniform distribution of iron and potassium, consistent with the absence of bulk iron diffraction peaks in the XRD patterns.
Results
Elemental composition and dispersion of iron in supported catalysts
3. After an initial 800 min break-in period at a temperature of 753 K, both supported catalysts operated without further deactivation when the temperature was lowered by 30 K under equimolar CO 2 and H 2 partial pressures (see Fig. S5 †) . This was determined by measuring the CO formation rate at the very end of the experiment under the same conditions used during the break-in period. Rates collected in the middle of the experiment, during which gas flow rates and temperatures were changed (lowered), were used to determine reaction orders and activation energies. Because the CO formation rate measured after the series of gas flow rate and temperature changes was the same as before the changes, the kinetic parameters extracted from the rate measurements were not corrupted by deactivation.
As shown in Fig. 1 , rates of CO formation increased on both catalysts when the gas composition was changed from an equimolar CO 2 the end of the first period of flowing this gas composition), and the catalyst showed no deactivation over the course of an additional hour.
Rate orders, kinetic isotope effect, and CO 2 /H 2 switching experiments
After the initial break-in period, reaction rates on both catalysts were stable at a temperature of 723 K. This allowed for the determination of kinetic parameters without having to model deactivation profiles (Arrhenius plots are shown in Fig. S6 †) . CO and H 2 O were the main products formed during gasswitching experiments (top panel in Fig. 2 ). On 4.5% Fe/Al 2 O 3 , CO was formed only when switching from H 2 to CO 2 , whereas H 2 O was formed when switching from H 2 to CO 2 and when switching from CO 2 to H 2 . However, when the catalyst was purged with He before switching from H 2 to CO 2 , water was not formed, even though CO was produced. The potassium promoted catalyst showed different properties (bottom panel in Fig. 2 ). First, CO was produced when switching from CO 2 to H 2 . Additionally, after flowing H 2 and purging the reactor with He, water was produced upon admission of CO 2 . Concurrent with water formation, H 2 was observed as determined from the mass spectrometer signal at m/z = 2 (see Fig. S8 †) .
The hydrodynamic behavior of the system was monitored by switching the gas flow from 10% H 2 /He to 10% CO 2 /1% Ar/He (see Fig. S9 †) . The transient response curve of Ar (m/z = 40) appeared much faster compared to response curves of CO 2 (m/z = 44, 28) and CO (m/z = 28), indicating that the hydrodynamic behavior of the gas flow in the system did not obscure our ability to accurately detect a kinetic response upon the gas switch. 37 It should also be noted that GC data collected during the gas-switching experiments verified the observations seen with the MS, although only the MS data are presented because of the higher time resolution. The CO 2 contribution to the m/z = 28 signal was accounted for in order to identify the production of CO.
DRIFTS
IR spectra of the 9.1% Fe/Al 2 O 3 and 7.7% Fe-3.4% K/Al 2 O 3 catalysts after pretreatment in H 2 showed only weak absorption bands (Fig. 3) . In the spectra of both materials, a small band at 3550 cm were also observed. The overall reflectance of the reduced materials increased dramatically after admission of CO 2 , which is consistent with the change in color of the materials from dark grey to orange. The spectrum of 9.1% Fe/Al 2 O 3 in Fig. 3 (the band at 1343 cm −1 has a shoulder on the high energy side). The changes in intensity of the bands during the course of a 30 min purge with inert gas were small (see Fig.  S10 †) . The IR spectra were collected at 723 K, since results from the packed-bed reactor experiments indicated that the materials are stable at this temperature (see Fig. S5 †) . Additionally, note that the actual bed temperature in commercial in situ spectroscopic environmental chambers, such as the one used in this work, is below the set point. 38, 39 Thus, it is highly unlikely that there were any changes to the materials caused by deactivation during the course of the DRIFTS experiments.
XANES spectroscopy
XANES spectra were acquired during H 2 /CO 2 gas switching experiments on 4.5% Fe/Al 2 O 3 and 4.2% Fe-3.4% K/Al 2 O 3 (see Fig. S11 and S12 †). Before pretreatment, the positions of the absorption edge energy and pre-edge energy were 7123 eV and 7114.5 eV, respectively. During heating and flow of H 2 , the absorption edge energy shifted to 7119.5 eV by the time a temperature of ∼773 K was reached, and remained at that energy for the duration of the period in H 2 flow. When H 2 was replaced by CO 2 , the position of the absorption edge energy shifted immediately to 7122.2 eV. XANES spectra were also collected during a continuous equimolar flow of CO 2 /H 2 (see Fig. S13 and S14 †). For both catalysts, the fraction of Fe 3+ was ∼0 after the pretreatment. 42 The difference between these bond dissociation energies indicates that the Fe-CO bond tends to be stronger than the Fe-H bond, and therefore CO will not likely desorb 43 IR bands in the 3600-3800 cm −1 region of the spectra, which are associated with surface hydroxyl (-OH) groups, were not detected for the catalysts (see Fig. 3 ). This is peculiar, as typically these bands appear very strongly in IR spectra. For instance, IR spectra of bare Al 2 O 3 did reveal IR bands associated with -OH groups (spectra not shown). Thus, the absence of detectable -OH groups on the catalyst samples is not an artifact, and suggests that the incorporation of iron and potassium into the sample has an effect on these groups.
Summary of experimental results
Redox and associative reaction pathways on Fe/Al 2 O 3 and Fe-K/Al 2 O 3
The associative pathway has often been proposed as the dominant mechanism for WGS. [44] [45] [46] [47] [48] However, in a recent review Burch et al. 49 concluded that the associative pathway typically accounts for less than 10-15% of the overall WGS reaction rate [50] [51] [52] and that formates are often only spectator species. 38, 53 The authors found that the associative pathway 49 can be dominant on low-activity materials such as MgO (ref.
44) and 0.2% Rh/CeO 2 , 45 but that the vast majority of investigations in which an associative pathway was said to be dominant lacked the quantitative data necessary to validate the claim. [46] [47] [48] Steady-state isotopic transient kinetic analysis (SSITKA) is often coupled with DRIFTS and MS to elucidate reaction mechanisms and differentiate between active reaction intermediates and spectator species, and has been applied several times to the WGS and RWGS reactions. In a study of the RWGS reaction on 10% Cu/SiO 2 , Yang et al used 12 C/
13
C isotopic transient analysis with MS and IR to simultaneously measure the site coverage and residence time of adsorbed formate species. 54 Their results showed that the formate removal rate was two orders of magnitude greater than the catalytic RWGS reaction rate, and thus the reaction has no influence on the formate surface coverage. Using SSITKA-DRIFTS-MS, Burch and co-workers showed that surface carbonates were exchanged significantly faster than formates on 2% Pt/CeO 2 , and thus formates observed by IR were not actually a major reaction intermediate. 35, 55 Finally, in a study of the WGS reaction on 2% Pt/CeO 2 , Kalamaras et al. used SSITKA-DRIFTS and SSITKA-MS to show that formates present on the catalyst could not be considered important This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.
View Article Online reaction intermediates, and proposed that a redox mechanism is dominant relative to the associative mechanism. 56 Gas-switching experiments in which flows of H 2 and CO 2 were alternated (Fig. 2) were used here to distinguish and quantify contributions from redox and associative pathways. 57 CO formation, when the reduced forms of both Fe/ Al 2 O 3 and Fe-K/Al 2 O 3 catalysts are contacted with CO 2 , even after the reduced catalysts were purged with He to ensure the absence of H 2 , is evidence of a redox pathway. In the simplest form of the redox mechanism, gas-phase CO 2 adsorbs on a reduced site to form CO and an oxidized site (eqn (6)), which can then be re-reduced by gas phase H 2 to reform the reduced site (eqn (7)).
During the gas-switching experiments, H 2 O was produced during periods of only CO 2 or only H 2 flow. This differs from what is expected in the traditional redox cycle (eqn (6) and (7)), in which H 2 O is only produced during the H 2 feeding period. Table 5 presents estimated initial rates of CO production on Fe-K/Al 2 O 3 during each segment of the gas-switching experiment. The rate after the switch from H 2 to CO 2 can tentatively be attributed to the rate from a redox reaction pathway, while the rate after the switch from CO 2 to H 2 can tentatively be attributed to the rate from an associative reaction pathway. The rates were calculated from the initial slopes of the concentration vs. time data in Fig. 2 , essentially modeling the system as a batch reactor (eqn (8)). It is observed from Table 5 that the rate after the switch from CO 2 to H 2 decreased on Fe/Al 2 O 3 with each cycle and increased on Fe-K/ Al 2 O 3 with each cycle (even following the He purge).
The presence of a stable, carbon-containing surface intermediate on Fe-K/Al 2 O 3 , (see section 4.1) may be evidence of a concurrent associative pathway. Apparently, potassium allows for a new reaction pathway to CO that involves a stable intermediate. In the associative pathway, described generally by eqn (9), CO 2 In summary, CO formed upon switching from H 2 to CO 2 is evidence supporting the redox mechanism, while the CO formed upon switching from CO 2 to H 2 is evidence in support of the associative mechanism. Both the redox and associative reaction pathways then appear to contribute to the overall RWGS rate on Fe-K/Al 2 O 3 , while only the redox pathway is active on Fe/Al 2 O 3 . The ratios of the rates during CO 2 flow to H 2 flow for Fe-K/Al 2 O 3 (Table 5 ) indicate that the redox pathway is the dominant contributor to the overall reaction rate. consistent with the occurrence of a redox mechanism in which CO 2 dissociation is the RDS. The difference between the observed KIEs on the two catalysts implies that the incorporation of potassium alters the RDS of the reaction mechanism. The gas-switching experiments with CO 2 and H 2 led us to conclude that a redox pathway is active on both Fe/Al 2 O 3 and Fe-K/Al 2 O 3 (see above). Based on this result, an initial model for the reaction pathway for both catalysts is given in Scheme 1. The mechanism shown is a classical redox pathway that includes steps for CO 2 adsorption, CO desorption, and H 2 O desorption.
Using CO formation on the surface (step 2) as the ratedetermining step (RDS), a rate expression can be derived for CO formation in the gas phase at differential conversion (eqn (11)).
The rate expression in eqn (11) does not show a dependence on the partial pressure of H 2 , and thus it is inconsistent with the experimentally determined reaction orders. Additionally the expression incorrectly predicts a negative reaction order with respect to CO 2 at high coverage. To incorporate H 2 into the rate expression, a 6th step can be included to allow for competitive adsorption by H 2 , but the resulting rate expression (eqn (12)) still does not show a positive reaction order with respect to H 2 . The reaction pathway proposed in Scheme 1 (with and without the inclusion of competitive adsorption by H 2 ) is thus insufficient to properly model CO formation rates on either catalyst, as it does not agree qualitatively with the kinetics measurements. (12) Considering the inverse KIE that was observed on Fe/ Al 2 O 3 , a different reaction mechanism can be proposed in which C-H bond formation is the RDS (Scheme 2). The model depicted in Scheme 2 is an associative mechanism involving the reaction of adsorbed CO 2 with dissociated H 2 to form a surface intermediate (step 4), which subsequently desorbs as CO (g) and H 2 O (g) (step 5). This reaction scheme View Article Online also incorporates competitive adsorption by H 2 (step 1) and H 2 dissociation on the surface (step 2). Evidence for H 2 dissociation (step 2 in Scheme 2) was observed when H 2 /D 2 mixtures were fed to the catalyst in the presence or absence of CO 2 (see Fig. S15 †) . HD formation occurs quickly (on the same time scale as the chemical conversion of CO 2 to CO), indicating that H 2 dissociation is reversible and not rate limiting. The intermediate formed in step 4 of Scheme 2 should not be observable by in situ IR spectroscopy because, by definition, its formation is rate limiting and it rapidly decomposes (recall that such intermediates were not observed on Fe/Al 2 O 3 catalysts). The rate equation for CO formation according to Scheme 2 is presented in eqn (13) , assuming that step 4 is the RDS and that conversion levels are low.
(13) Eqn (13) has both CO 2 and H 2 terms in the numerator, agreeing with the experimental results in which positive reaction orders were observed for both of these reactants. The fit of this equation is good for both catalysts (Table 6) , with the only exception being that the fitted reaction orders for H 2 differ from the experimentally determined values. For instance, Table 6 shows that the H 2 reaction orders on Fe/ Al 2 O 3 and Fe-K/Al 2 O 3 are 0.58 and 0.54, respectively, while the H 2 reaction orders fitted from the model are 0.50 for both catalysts. Note that the apparent rate constant in the rate expression (eqn (13) ) is a product of the elementary rate constant for step 4 (k 4 ) and the equilibrium constants of steps 1-3 (K 1 , K 2 , K 3 ). Equilibrium isotope effects are typically less than 1, and therefore these terms could be the reason for the inverse KIE observed experimentally. 62 Only K 1 or K 2 can be the cause of the inverse KIE, though, since only these steps involve H 2 .
Finally, it is also possible that step 5 of Scheme 2 (decomposition of the surface intermediate) is the RDS on Fe-K/ Al 2 O 3 , since stable carbon-containing intermediates were observed on this catalyst during the DRIFTS experiments. In this case, the rate expression shown in eqn (14) is obtained.
It is unlikely that step 5 is the RDS on Fe/Al 2 O 3 , since no carbon-containing intermediates were observed during the IR experiments; nonetheless, an attempt was made to fit the experimental data to the rate expression in eqn (14) for this scenario. As Table 6 shows, the assumption that step 5 is the RDS results in a better fit with the experimental data for Fe/Al 2 O 3 , as opposed to the case when step 4 was assumed to be the RDS and the H 2 reaction orders did not match well. The assumption of step 5 as the RDS for the reaction on Fe-K/Al 2 O 3 results in poor agreement between the fitted (0.98) and experimentally determined (0.54) reaction orders for H 2 . It is clear from the results that the simple redox and associative mechanisms proposed are not sufficient to describe all of the experimental results. This suggests that a more complex mechanism or combination of competing pathways may be occurring, as is often the case in the WGS and RWGS reactions.
Conclusions
Packed-bed microreactor studies indicated that incorporation of potassium into Fe/Al 2 Scheme 2 Associative reaction pathway for CO formation based on observation of inverse KIE. 
